Epigenetic gene silencing of several genes causes different pathological conditions in humans, and DNA methylation has been identified as one of the key mechanisms that underlie this evolutionarily conserved phenomenon associated with developmental and pathological gene regulation. Recent advances in the miRNA technology with high throughput analysis of gene regulation further increased our understanding on the role of miRNAs regulating multiple gene expression. There is increasing evidence supporting that the miRNAs not only regulate gene expression but they also are involved in the hypermethylation of promoter sequences, which cumulatively contributes to the epigenetic gene silencing. Here, we critically evaluated the recent progress on the transcriptional regulation of an important suppressor protein that inhibits cytokine-mediated signaling, SOCS3, whose expression is directly regulated both by promoter methylation and also by microRNAs, affecting its vital cell regulating functions. SOCS3 was identified as a potent inhibitor of Jak/ Stat signaling pathway which is frequently upregulated in several pathologies, including cardiovascular disease, cancer, diabetes, viral infections, and the expression of SOCS3 was inhibited or greatly reduced due to hypermethylation of the CpG islands in its promoter region or suppression of its expression by different microRNAs. Additionally, we discuss key intracellular signaling pathways regulated by SOCS3 involving cellular events, including cell proliferation, cell growth, cell migration and apoptosis. Identification of the pathway intermediates as specific targets would not only aid in the development of novel therapeutic drugs, but, would also assist in developing new treatment strategies that could successfully be employed in combination therapy to target multiple signaling pathways.
Introduction
Epigenetic changes in cells are induced or temporal changes with or without modifications to DNA that do not cause mutations but leads to alterations in the structural, functional, and biochemical properties of the cells. Besides the post-translational modification mechanisms such as acetylation, methylation, ubiquitination, sumoylation, phosphorylation, oxidation and protein-protein interactions, which are key mechanisms that modify the functional and or structural properties of the proteins and regulate their activities, DNA methylation, histone modifications and miRNA mediated transcriptional regulation were also identified as the primary mechanisms which predominantly mediate epigenetic modifications in cells. Besides epigenetic gene regulation that is normally observed during the embryonic and developmental stages, epigenetic silencing of specific genes has been associated with several pathological conditions in humans. In addition, several microRNAs have been recently identified whose role in epigenetic gene regulation is indisputable.
In this article, we discuss epigenetic regulation of an important regulator of cytokine signaling gene, suppressor of cytokine signaling-3 (SOCS3), which is vital in regulating essential functions including cell proliferation, and cell survival. SOCS3 is among the eight members of SOCS family of proteins and since its discovery, its role in many human pathological diseases has been reported. These conditions include cardiovascular diseases, different cancer types, immune disorders, inflammatory diseases, type II diabetes, diabetic nephropathy, obesity, asthma, gastrointestinal disorders, neuronal diseases, hepatitis and other viral infections, osteoporosis, osteoarthritis, rheumatoid arthritis, tuberculosis, erythropoiesis, pregnancy and eczema. Studies on identifying the role of SOCS3 were greatly limited because genetic knockdown of SOCS3 in mice proved to be embryonic lethal as mice die in utero between E11 and E13 with fetal liver erythrocytosis and placental defects during embryonic development. Following tetraploid rescue approach, SOCS3 null embryos were recovered, however, the rescued SOCS3 null mice exhibited cardiac hypertrophy and prenatal lethality.
SOCS3 primarily affects the Janus kinase-signal transducer and activator of transcription (Jak/Stat) pathway, which is induced by many cytokines during physiological and pathological conditions. Cytokines bind to their cell surface receptors and mediate signaling in the regulation of cell growth and cell survival. Interleukins and interferons are two different groups of cellular proteins belonging to this class, which initiate Jak/Stat signaling pathway and contributes to cellular events associated with the disease phenotype. Among the eight SOCS proteins (SOCS1 through SOCS7, and CIS), SOCS1 and SOCS3 proteins, due to the presence of the kinase inhibitory region, specifically target Jak kinase and inhibit its downstream signaling. Although SOCS1 and SOCS3 are structurally similar they are functionally unique and are active only against specific ligands. Functions of SOCS3 are responsive against different ligands that induce Jak/Stat signaling pathway, and several intracellular mechanisms are associated with post-translational modifications of SOCS3. However, this article is focused on the epigenetic regulations, mainly methylation and microRNAs, which affect SOCS3 expression.
Molecular mechanism of DNA methylation in the CpG islands
DNA methyltransferases (DNMTs) are enzymes that maintain methylation patterns of DNA following its replication. DNMT1, DNMT3a and DNMT3b have been identified which cooperate and maintain de novo methylation events. In addition, DNMT3L (DNMT like protein, referred as DNMT3A2) was also identified. Recent studies showed that knock down of both DNMT1 and DNMT3b resulted in gene inactivation by complete hypomethylation of the CpG islands [1, 2] . Methyl-CpG binding proteins (MBDs) have also been identified which act as translators between methylated DNA and histone modifiers, and comprises five members in this class, namely MeCP2, MBD1, MBD2, MBD3, and MBD4 [3] . Since cancer cells when treated with demethylating agents led to release of MBD proteins, hypomethylation and gene re-expression, it was presumed that binding of MBDs to methylated sequences is methylation-dependent. However, the affinity of promoters for specific MBDs is still unclear [4] . It is well known that histone deacetylation leads to gene inactivation and DNMTs recruit HDACs. Also DNMTs and MBDs were reported to recruit histone methyltransferases, which modify the lysine 9 residue of the histone H3 [5, 6] . Further, polycomb proteins contribute to these methylation events by cooperating with MBDs and DNMTs [7] . Thus, it is apparent that multiple proteins are involved which cumulatively contribute to the hypermethylation of CpG islands at the 5 0 position of cytosine and leads to chemical modifications of the DNA in the gene regulatory elements, specifically the promoters and enhancers, which affects gene expression.
Methylation of SOCS3 promoter region
The dinucleotide clusters of cytosines and guanines, commonly referred as CpG islands, are found in nearly 40 % of the mammalian genes mainly in the promoter and exonic sequences [8] . These CpG islands are considered to be the representative markers in the genomic regions as mutational hotspots that could potentially lead to gene silencing [9, 10] . Gardiner and Frommer [11] deduced that a CpG island typically contains about 50 % of C?G content with an observed to expected ratio of 0.6 within a stretch of 200 bp DNA sequence. Later, Takai and Jones [12] extended these values to be containing about 55 % of C?G content with an observed-to-expected ratio of 0.65 in a stretch of 500 bp DNA sequence, and showed that these extended parameters are more likely to be associated with the 5 0 regions and importantly it also excluded the Alu repetitive elements which are the most abundant transposable elements identified in the human genome [12] .
SOCS3 gene in humans is located on chromosome 17q25.3 (NCBI GenBank Accession Number NG_016851.1) that spans in 10.3 kb genomic region and encodes for a 24.77 kDa protein consisting of 225 amino acid residues. Our analysis of the methylation pattern in this genomic region revealed the presence of a putative CpG island that is located between 4261 and 6673 nucleotides of the 10.3 kb sequence.
This CpG islands encompass the promoter region of SOCS3 and also extends into its coding sequence from its first exon (Fig. 1a, b) . Using the ''CpG island searcher'' tool from the Norris Comprehensive Cancer Center, University of South California, we mapped all the methylation hotspots in the SOCS3 genomic region (Fig. 1a) . These findings correlate with the recently identified SOCS3 promoter region between -556 and -335 nucleotides that has two STAT binding regions located in close proximity to the TATA box indicating their role and significance of the promoter region in regulating SOCS3 expression [13] .
Methylation dependent gene regulation by miRNAs
In most organisms including plants and vertebrate animals, miRNAs have been detected. These RNA molecules are about 23 nucleotides long, single-stranded and regulate gene expression controlling various biological processes [14] . In mammalian cells, regulation of gene expression by miRNAs is well documented, and it is clearly evident that miRNAs not only contribute to gene silencing by binding to specific sequences affecting transcription and translation but also mediates mRNA degradation [15] . Differential miRNA expression has also been reported in different tissue and tumor types, therefore down regulation of specific miRNAs in tumors would presumably have tumor suppressor functions [16] [17] [18] . These reports extend our understanding that expression or downregulation of certain miRNAs is specific for a given disease phenotype, and their presence would indicate them as signature miRNAs associated with the disease. Along with an increasing evidence on the differential roles of miRNAs in gene regulation under both normal and pathological conditions, their role in DNA methylation of the promoters regions, gene silencing, gene expression and chromatin structure through histone modifiers was also reported [19] [20] [21] . In a specific study, a DNA demethylating agent and a HDAC inhibitor, when added to bladder cancer cells, induced expression of miRNA-127, which inhibited its target proto-oncogene BCL6 [22] . In a similar approach using DNMT1 and DNMT3b null cells, silencing of miRNA-124a induced expression of the oncogenic protein cyclin D kinase-6 [23] . These reports suggest that miRNAs are associated with promoter methylation and their expression or silencing regulates gene expression. In Fig. 1c , we show the transcript analysis from www.microrna.org, which identifies possible miRNAs that can bind to the UTR sequence of human DNMT1 mRNA. Evidence from the literature clearly suggests that methylation plays a major role in regulating miRNA expression. In Table 1 , we summarized methylation dependent regulation of miRNAs that affect expression of target genes in different human diseases, especially in different cancer types.
Regulation of SOCS3 expression by miRNAs
Silencing of miR-122 in the Huh7 hepatocellular carcinoma cells has been found to increase methylation in the SOCS3 promoter region as a result of which SOCS3 expression was found to be greatly reduced, which enhanced IFN-a signaling. Interestingly, decreased SOSC3 expression was also reported by miR-122 silencing in DNMT1 knockdown cells, which indicates that hypermethylation of SOCS3 promoter resulting from miR-122 silencing is independent of the methylating enzyme DNMT1 [13] . The authors also identified higher levels of STAT3 phosphorylation in miR-122 silenced cells treated with IFN-a besides decreased SOCS3 expression. Also in the same cells, SOCS3 expression was not induced upon treatment with IFN-a, IFN-b, IFN-c or IFN-k which stimulated SOCS3 expression in control cells, and increased expression of miR-122 was observed after IFN-k treatment.
Significant up regulation of miR-203 was demonstrated in human breast cancer tissues and in MCF-7 breast cancer cell line. Knockdown of miR-203 was reported to enhance SOCS3 expression along with activated caspase 7-and caspase 9-mediated cellular apoptosis with increased sensitivity towards cisplatin treatment [24] . In murine hepatoma cells, over expression of miR-802 was shown to increase the transcript levels of SOCS1 and SOCS3, and identified that the hepatocyte nuclear factor 1b (Hnf1b), which is a transcription factor, as a primary target for miR-802. The authors also showed that knockdown of Hnf1b resulted in upregulation of SOCS1 and SOCS3 [25] .
It was identified that the inhibition of IGF-2 upregulates SOCS3 expression, and the expression of miR-483-5p correlates with IGF-2 expression in mouse cancer cells, which indicates that miR-483-5p has an indirect effect on SOCS3 expression. Accordingly the authors also identified that overexpression of miR-483-5p suppresses SOCS3 expression [26] . Upregulation of SOCS3 and GHR in the skeletal muscle tissues of chickens with dwarf phenotype was recently reported. Using DF-1 chicken fibroblast cells, the authors demonstrated the regulatory role of miR-let-7b in the expression of GHR, and in this study overexpression of let7b was reported to decrease expression of GHR and SOCS3, which suggests that let-7b regulates GHR mediated SOCS3 expression by affecting the Jak/Stat signaling pathway [27] .
SOCS3 is a known negative regulator of G-CSF receptor signaling which is induced by STAT3. Using NIH3T3 cells that constitutively express miR-125b, STAT3 was identified as its direct target. Transfection of these cells with the STAT3 UTR sequences fused with luciferase reporter gene showed about 40 % reduction in the luciferase activity, and since SOCS3 is a feedback inhibitor of STAT3, these results imply that miR-125b affects SOCS3 expression by inhibiting STAT3 [28] .
Respiratory syncytial virus infection of A549 human alveolar epithelial cells was identified to induce the expression of microRNA miR-let-7f. The RSV G-protein was also reported to trigger the expression of miR-let-7f along with SOCS1 and SOCS3 that negatively regulates IFN mediated Jak/Stat signaling [29] . Inhibition of SOCS3 protein was also reported in HEK293 cells that were transfected with miR-19a and stimulated with cardiotrophin-1, which is a specific ligand for gp130. However, the transcript levels of SOCS3 remained unaffected indicating that the microRNA miR-19a binds to the SOCS3 transcripts and affects its translation [30] . In Fig. 1d , transcript analysis from www.microrna.org is demonstrated, which reveals the possible miRNA binding sites in the UTR region of human SOCS3 mRNA. Colorectal cancer mir-345 BCL2-associated athanogene 3 (BAG3) which is an anti-apoptosis protein, is a target of mir-345
Colorectal cancer mir-373
The oncogene RAB22A is a target of hsa-miR-373 which is down-regulated by methylation [102] Colorectal cancer mir-1-1, 133a-1, 133a-2
Repression of the miR-1-133a cluster by DNA hypermethylation down regulates TAGLN2 [103] Colorectal cancer mir-149 DNA methylation dependent silencing of miR-149 leads to up-regulation of its target protein specificity protein 1 (SP1) [104] Endometrial cancer mir-152 miR-152 targets DNMT1 expression [105] Esophageal cancer mir-375 miR-375 negatively regulates PDK1 expression in esophageal cancer [106] Esophageal cancer mir-141 miR-141 down-regulates SOX17 expression and activates Wnt signal pathway [107] Glioblastoma multiforme mir-211 miR-211 which is a target of MMP-9 is inhibited by aberrant methylation in glioblastoma multiforme [108] Hepatitis B mir-101 Hepatitis B virus x protein down regulates miR-101 by DNA methylation and up regulates DNMT3A Lung cancer mir-29a, 29b-1, 29c miR-29 family directly targets DNMT3A and -3B expression in lung cancer cell lines and induces expression of FHIT and WWOX [116] Lupus erythematosus, systemic mir-126 miR-126 inhibits Dnmt1 expression by interaction with its 3 0 -UTR [117] Lymphoma, B-cell mir-29 miR-29 is repressed by MYC through HDAC3 and EZH2 complex [118] Melanoma mir-31 The kinases SRC, MET, NIK and the oncogene RAB27a are functional targets of miR-31 [119] Multiple cancer types mir-34a, 34b, 34c
Found inactivated by CpG methylation during tumor formation [120] Multiple myeloma mir-203 CREB1 is a direct target of miR-203 [121] Myelodysplastic syndromes mir-124 Methylation dependent silencing of miR-124 is associated with EVI1 expression [122] Neuroblastoma mir-340 miR-340 represses SOX2 transcription factor by targeting its 3 0 UTR [123] Pancreatic cancer mir-124 miR-124 downregulates Rac1 and inactivates MKK4-JNK-c-Jun pathway [124] Prostate cancer mir-29a, -1256 miR-29a and miR-1256 decreases expression of TRIM68 and PGK-1 [125] Prostate cancer mir-34b miR-34b induces G0/G1 cell-cycle arrest and apoptosis by targeting the Akt and its signaling; also decreases expression of vimentin, ZO1, N-cadherin, and Snail [126] Prostate cancer mir-31 miR-31 suppressed E2F1, E2F2, EXO1, FOXM1, and MCM2 through androgen receptor regulatory mechanism [127] Squamous cell carcinoma mir-9-1, -2,-3 Up regulates PTEN expression [128] Stomach cancer mir-212 miR-212 represses expression of MeCP2 protein but not mRNA [129] Role of DNA methylase in epigenetic silencing of SOCS3
We previously reported that treatment with the proinflammatory cytokine, TNF-a, or the insulin growth factor (IGF-1) resulted in increased SOCS3 expression in porcine coronary smooth muscle cells; however, their combined treatment resulted in about five-fold decrease in SOCS3 expression [31] . We also identified similar findings in human coronary smooth muscle cells in which about fivefold decrease in the SOCS3 mRNA transcripts and protein levels were detected when treated with TNF-a and IGF-1 together. Interestingly, the combined treatment of both TNF-a and IGF-1 resulted in concomitant higher levels of DNMT1 transcripts, indicating possible hypermethylation of SOCS3 gene which was further confirmed using methylation specific PCR [32] . Since TNF-a and IGF-1 are upregulated in atherosclerosis and also due to mechanical injury, abrogation of SOCS3 in presence of TNF-a and IGF-1 with concomitant increase in DNMT1 indicates epigenetic gene silencing of SOCS3 due to hypermethylation as the potential underlying mechanism that contributes to hyperplasia and leads to atherosclerosis and coronary artery disease [32] . Activation of STAT3 by IL-6 initiates proinflammatory response, while IL-10-mediated activation of STAT3 promotes anti-inflammatory response. As SOCS3 regulates Jak/Stat signaling which is also involved in inflammatory responses, apparent role of SOCS3 in inflammation could be predicted. Besides activation of both STAT1 and STAT3 by IL-6, it also was shown to negatively regulate SOCS3 expression, and recently the mechanism which interlaces the cytokine signaling with DNA methylation and leads to inhibition of IL-6 mediated silencing of SOCS3 expression was identified where IL-6 induced DNMT1 activity and promoted hypermethylation of SOCS3 leading to the inhibition of SOCS3 expression [33] .
Methylation status of SOCS3 in different cancer types
There is increasing evidence that hypermethylation in the CpG islands of SOCS3 promoter leads to epigenetic silencing of SOCS3. Recently in H460 cells (NSCLC cancer) hypermethylation of SOCS3 promoter region was observed, and transfection of these cells with SOCS3 expression vector resulted in induction of apoptosis and growth inhibition along with reduced STAT3 phosphorylation [34, 35] . The same group has also identified that the SOCS3 promoter region contains two adjacent STAT binding sites. Interestingly, the STAT binding sites were identified within the CpG island which is subjected to hypermethylation, and therefore it correlates with the upregulation of STAT activity in absence of SOCS3 expression due to its epigenetic silencing [36] . In about 90 % of patients with HNSCC, hypermethylation of SOCS3 was reported, and transfection of HNSCC cells with wild type SOCS3 resulted in induction of apoptosis and growth suppression besides downregulation of STAT3, Bcl-2 and Bcl-xL [37] . In cholangiocarcinoma, hypermethylation and epigenetic silencing of SOCS3 was observed with IL-6 induced aberrant activation of STAT3 resulting in resistance to cellular apoptosis [38] . About 35 % of patients with Glioblastoma multiforme brain tumor were reported positive for methylation of SOCS3 in its promoter region, as identified through methylation specific PCR and bisulphite sequencing [39] . In another report that analyzed tumor samples from glioma patients, about 28 % of patients were detected to have SOCS3 promoter methylation which was identified through bisulfite sequencing [40] . In an Asian cohort study with 62 patients having Glioblastoma multiforme, a tight correlation has been reported between hypermethylation of the SOCS3 promoter and CpG island methylator phenotype (CIMP). This study further confirms and validates the above two findings which indicate that hypermethylation of the SOCS3 promoter could be a prognostic indicator in Glioblastoma multiforme patients [41] . Besides, hypermethylation of SOCS3 was also reported in other diseases, including malignant melanoma [42] , Barrett's esophagus and esophageal adenocarcinoma [43] and in many other cancer types. Aberrant methylation of SOCS3 was identified in six out of eighteen hepatocellular carcinoma samples and in three out of ten HCC cell lines, besides similar frequency of suppressed SOCS3 expression was also observed in one out of three unmethylated primary samples. However, IL-6 was found to enhance STAT3 activity leading to cell growth and treatment with JAK2 inhibitor suppressed STAT3 phosphorylation but not FAK phosphorylation thus cell migration was not affected. FAK was reported to directly interact with SOCS3, and its interaction with Elongin B & C was shown to direct it to the proteasome degradation pathway [44] . These results also showed that restoration of SOCS3 in these cells resulted in inhibition of both cell growth and migration. DHA (docosahexaenoic acid) was identified to activate PPAR-c which in turn transcriptionally induces SOCS3 expression. Subsequently, the ability of T H 17 cells to produce IL-17 and enhance tumor growth was diminished due to the above increase in SOCS3 expression. These studies clearly indicate the anti-tumor properties of SOCS3 [45] .
Multiple myeloma
Not all multiple myeloma cells lines were reported to exhibit methylation in the CpG island of SOCS3, and only in five out of seventy patients with malignant plasma cell disorders, SOCS3 was found methylated. Patients with methylated SOCS3 region were found with increased biochemical levels of LDH and creatinine [46] . Recently, platelet factor 4 (PF4) was shown to induce SOCS3 expression in U266 and OPM2 myeloma cells besides negatively regulating STAT3 and also downregulating the STAT3 target genes such as Mcl-1, Survivin and VEGF [47] .
Myeloproliferative disorders
The four main myeloproliferative diseases include: chronic myelogenous leukemia (CML), polycythemia vera (PV), essential thrombocytosis (ET), and myelofibrosis (MF). In the bone marrow cells of CML patients with IFN-a treatment, very low levels of SOCS3 mRNA was observed, however no methylation in the SOCS3 promoter sequence was observed which discloses an inverse correlation between SOCS3 expression and IFN-a sensitivity [48] . A recent clinical study on 39 patients with essential thrombocythemia, methylation-specific PCR analysis revealed no significant difference on increase in the methylation of SOCS3 or SOCS1 or PTPN6 compared with healthy individuals. Therefore methylation analysis of these negative regulators of JAK2 as a prognostic marker did not add to measurable values for ET patients characterized with myeloproliferative neoplasms [49] . Hypermethylation in the SOCS3 promoter region was also identified in sixteen out of sixty patients with Myelofibrosis but not in patients with PV or ET [50] . Another clinical study focused on 119 patients with PV or ET identified that 15 patients including adults and children showed hypermethylation of SOCS3 [51] . Recently, methylation profiling of SOCS3 in cell lines and bone marrow samples, as shown through methylationspecific polymerase chain reaction, had increased methylation in SOCS1 and SOCS3 genes which was specific to CpG residues in the 3 0 translated exon sequences [52] . Using methylation-specific PCR, positive methylation was found in 13 out of 15 patients with renal cancer [53] . Twenty out of 51 patients with prostate cancer were detected for hypermethylation of SOCS3 [54] . Hypermethylation of SOCS3 was observed in 8 out of 24 patients diagnosed with acute myelogenous leukemia [55] . CD33 receptor was identified as a myeloid specific marker and SOCS3 was reported to inhibit CD33 receptor mediated cell proliferation. Treatment with gemtuzumab and ozogamicin showed a higher response and overall survival in patients with methylated SOCS3. Sixteen out of twenty-six liver specimens from patients diagnosed with cholangiocarcinoma displayed activation of STAT3 and silencing of SOCS3, and treatment with demethylating agent inhibited IL-6 induced Mcl-1 expression therefore sensitizing the cholangiocarcinoma cells to TRAIL mediated apoptosis [56] .
Pathological diseases associated with the regulation of SOCS3 expression
Besides cancer, there is increasing evidence for a prominent role of SOCS3 in different pathological conditions. The Fig. 2 shows illustrations of possible interventions of SOCS3 in various human diseases.
Immunological disorders
Some of the immunological disorders associated with SOCS3 expression include atopic asthma, dermatitis, multiple sclerosis, allergy, etc. In patients with T H 2 type diseases, increased SOCS3 expression was correlated with intense disease severity, and higher levels of IgE were detected in patients with severe allergy [57] . In transgenic mice with constitutive expression of SOCS3, ovalbumin enhanced airway hyper responsiveness and increased levels of IgE, T H 2 cytokines along with eosinophil infiltration were detected [58] . SOCS3 is not only involved in T cell differentiation but it also governs the T cell functions by negatively regulating the IL-2 signaling. Available evidence suggests that SOCS3 interacts with the PI3 kinase binding site on CD28 and affects CD28 mediated production of IL-2 [59] . Thus, it is logical to deduce that SOCS3 would have an active role in autoimmune diseases. In this direction, recent evidence shows that IFN-a treatment in psoriatic T cells abrogates SOCS3 expression and activates Jak/Stat pathway [60, 61] .
Cardiovascular diseases
Studies from our laboratory have identified the essential role of SOCS3 in preventing neoinitimal hyperplasia in the coronary arteries both in vitro and in vivo. These studies revealed decreased SOCS3 expression in atherosclerotic microswines and in vitamin-D deficient hypercholesterolemic microswines suggesting that vitamin-D deficiency leads to cardiac hypertrophy and SOCS3 gene therapy would aid in the prevention of the associated cardiovascular diseases [31, 32, 62] . Adenovirus-mediated delivery of SOCS3 into cardiomyocytes was identified to suppress hypertrophic and anti-apoptotic phenotype induced by LIF mediated gp130 receptor signaling through Jak/Stat pathway, where LIF was also identified to induce Akt, MEK and ERK activation indicating that SOCS3 is induced by mechanical stress [63] . Recently in cardiac specific SOCS3 knockout mice, increased gp130 receptor mediated activation of STAT3, ERK, Akt and p38 was observed in adult mice between 15 and 25 weeks of age which displayed cardiac dysfunction and heart failure. However mice with cardiac specific gp130 and SOCS3 double knockout genotype were reported to live longer with histological abnormalities [64] . Though sufficient evidence exists which indicates that SOCS3 is regulated by IL-17 during atherosclerosis, the exact role of IL-17 in atherosclerosis is a subject of debate and controversy which requires further investigation.
Asthma
In asthmatic lungs of mice, IL-6 induced epigenetic regulation of SOCS3 was recently reported where acetylation of histone H4 was identified as the underlying epigenetic mechanism. Higher levels of acetylated histone H4 was found associated with SOCS3 promoter region which supports the hypothesis that histone acetylation regulates gene transcription by altering the chromatin structure. The study also shows that treatment with DNA methyltransferase inhibitor did not upregulate the transcriptional levels of SOCS3 indicating that although there is a dynamic correlation between methylation and histone acetylation, the two are independent mechanisms which regulate the chromatin structure and gene expression [65] . Recently, low levels of DNMT1 transcripts were observed in asthmatic mice compared to normal mice, and in the albumin challenged asthmatic mouse model, knockdown of DNMT1 was shown to induce SOCS3 expression which was correlated with hyperacetylation of histones [66, 67] . Suppression of SOCS3 through intranasal delivery of siRNA in mice was also found to increase eosinophil count, airway remodeling and improved mucus secretion [68] .
Diabetes
Insulin was shown to induce SOCS3 expression and expression of STAT5B further enhanced the expression of SOCS3. Further SOCS3 protein engages negative feedback inhibition of insulin induced signaling without affecting the insulin receptor tyrosine kinase activity. The study also showed the possible molecular mechanism, and in this regard the Tyr960 residue of the insulin receptor is critical and is required for the binding of SOCS3 and STAT5B [69] . Also in patients with Type-II diabetes, abundant protein levels of phosphorylation of STAT3, phosphorylated JAK2 and SOCS3 was reported in the skeletal muscle cells, and STAT3 gene silencing through siRNA was shown to prevent lipid induced insulin resistance [70] . In obese and insulin resistant mice that were fed with high fat diet, elevated levels of HIF1a was reported, and in 3T3-L1 adipocytes that were treated with acriflavine, which is an HIF1a specific inhibitor, reduced expression of SOCS3 was reported [71] . The fibroblast growth factor-21 plays a vital role in regulating the metabolic disorder of insulin resistance that was associated with Type-II Diabetes. Knock down of FGF-21 through adenoviral mediated delivery of shRNA specific to FGF-21 in ApoE null mice that were fed with high fat diet showed drastic increase in liver specific glycogenolysis and gluconeogenesis [72] . This study also shows that liver specific activation of G6Pase and PEPCK enzymes is mediated through STAT3 pathway which inhibited SOCS3 expression causing insulin resistance in these mice.
Neurological disorders
In mouse astroglia and microglia, treatment with gemfibrozil was reported to induce SOCS3 mRNA and protein levels in a dose dependent manner with simultaneous activation of pAkt, p110 subunit of PI3k and Krüppel-like factor 4 (KLF4) suggesting that PI3k/Akt/KLF4 pathway mediates up regulation of SOCS3 in glial cells, and gemfibrozil would have important applications in the neuroinflammatory and neurodegenerative disorders [73] .
Viral infections
Overexpression of hepatitis C virus core protein was found to inhibit IFN-a induced activation of STAT1 thus preventing its nuclear translocation, and this inhibition was accompanied with an increase in SOCS3 mRNA suggesting that the HCV viral core protein is capable of inhibiting IFN-a mediated Jak/Stat signaling by up regulating SOCS3 expression [74] . In mice that are systemically infected with murine cytomegalovirus, IL-17 production was reported to be downregulated through stimulation of SOCS3 and IL-10 [75] . Loss of SOCS3 expression in SOCS3 conditional KO mice when infected with Herpes simplex virus was reported to have decreased number of HSV-1-specific CD8 T-cells. Whereas, increased number of HSV-1-specific CD8 cells were reported in STAT3 conditional KO mice indicating the therapeutic benefits of SOCS3 in modulating CD8 mediated host immunity against HSV infection [76] .
Arthritis
In IL-6 knockout mouse model it was identified that mice lacking IL-6 were resistance to antigen induced arthritis indicating that IL-6 mediates progression of arthritis [77] . In patients suffering with rheumatoid arthritis but not with osteoarthritis, elevated levels of SOCS3 mRNA with increased STAT3 phosphorylation was detected in their synovial tissue [78] . The above two findings correlate to the up regulation of IL-6 mediated Jak/Stat signaling which is regulated by SOCS3. Accordingly, adenovirus expressing SOCS3 when injected into the ankle joints of antigen or collagen induced arthritis mouse models resulted in reduced disease severity [78] .
Osteoporosis
Differential expression of SOCS3 mRNA transcripts has been found in the bone of rats that received intermittent administration of PTH (1-34) peptide derived from parathyroid hormone. Since parathyroid hormone is used for the treatment of osteoporosis, these findings suggest that upregulation of SOCS3 with PTH (1-34) peptide treatment could be a mechanism to suppress the effects of inflammatory cytokines and thus could prove to be viable therapeutic approach in osteoporosis [79] .
Molecular mechanism of SOCS3 inhibiting Jak/Stat signaling pathway
In mammals, Jak/Stat signaling pathway is the main axis by which cytokines induce cellular events such as cell proliferation, cell growth, cell migration, cell differentiation, and apoptosis which are critical for hematopoiesis, immune development, adipogenesis, cell growth. Jak/Stat pathway is activated by cytokines and tyrosine kinases, and is inhibited by tyrosine phosphatases, specific inhibitors and SOCS proteins. JAK kinases associate with the cytoplasmic domains of its receptor subunits, and ligand upon binding to these receptors induces homodimerization or heteromultimerization of the receptors and brings the two JAK molecules in close proximity resulting in their activation through transphosphorylation. These activated JAK molecules subsequently phosphorylate the cytoplasmic domain of the JAK receptor and as a result STAT proteins are recruited which are activated through phosphorylation by JAK kinases. The activated JAK kinase phosphorylates the tyrosine residue within the oligomerization domain of STAT protein which upon phosphorylation interacts with another phosphorylated STAT protein and dimerizes [80] . The STAT proteins upon activation and dimerization internalize into the nucleus where they bind to specific sequences in the promoter region and regulate gene expression [81] .
SOCS3 is a negative regulator of Janus kinase-signal transducer and activator of transcription (Jak/Stat) pathway that directly binds to JAK and inhibits its kinase activity, which leads to abrogation of Jak/Stat signaling. A wide range of ligands including different cytokines such as interleukins, interferons, GM-CSF, EPO, LIF, CNTF, EGF, PDGF, leptin, insulin, cardiotrophin, growth hormone, prolactin and many more were identified to regulate SOCS3 expression. Different interleukins that are regulated by SOCS3 and also interleukins that either directly or indirectly control SOCS3 expression are shown in Table 2 . SOCS3 was identified to interact with specific phosphopeptide sequences within JAK's, STAT's and the gp130 receptor subunit. Preferentially, SOCS3 binds to the SHP-2-binding site on the gp130 receptor and inhibits the downstream signaling induced by multiple cytokines. Though SOCS3 and SOCS1 inhibit Jak/Stat signaling in a similar mechanism, SOCS3 was identified to have higher affinity towards Tyr757 residue of the gp130 receptor.
SOCS3 is the only SOCS protein known to be phosphorylated, and two different phosphorylation sites at Tyr204 and Tyr221 residues within the C-terminal region of the SOCS box were identified [82] . SOCS3 binds to the catalytic domains of JAK kinases (except JAK3) that have an evolutionarily conserved GQM motif in the insertion loop. The gp130 receptor induces conformational changes in the KIR-ESS-SH2 domain of SOCS3 which enables SOCS3 to bind to the JH1 domain in the JAK kinases [83] . The SH2 and the N-terminal KIR domain of SOCS3 which functions as a pseudosubstrate, interacts with the JH1 kinase domain located within the activation loop of the phosphorylated JAK2 and the phosphorylation of the Tyr1007 is critical for IL-9 IL-9 induces SOCS3, and overexpression of SOCS3 suppresses IL-9 mediated signaling [143] IL-10 Enhances SOCS3 expression and is also reported to inhibit pro-inflammatory cytokines [144] IL-11 IL-11 stimulates SOCS3 production, and SOCS3 over expression inhibits IL-11 mediated activation of STAT3 [145] IL-12 SOCS3 inhibits IL-12 induced activation of STAT4 by binding to IL-12 receptor through its SH2 domain [146] IL this interaction, while KIR domain strongly inhibits the kinase activity of JAK2 and inhibits its downstream signaling [84, 85] . Similar interactions of SOCS3 with Brk kinase was recently reported where SOCS3 although binds to the Brk kinase through SH2 domain, its inhibitory activity is mediated through the KIR domain of SOCS3.
Since mutations in the KIR domain abrogate the inhibitory activity of SOCS3 towards Brk kinase, it is presumed that the KIR domain mediates the kinase inhibitory activity of SOCS3 and while the SH2 domain aids in binding through the phosphotyrosine residues, also the KIR domain was found to assist in this SH2 domain mediated binding of SOCS3 to this Brk kinase [86] . Interestingly, human endothelial cells when treated with the pro-inflammatory molecule, resistin, was found to result in a significant increase in SOCS3 expression both at mRNA and protein levels. This increase is accompanied with increased phosphorylation of STAT3 and treatment with STAT3 inhibitor blocked resistin-induced SOCS3 expression [87] . These findings suggest a dual regulatory role of SOCS3 in endothelial cells because IFN-c-induced SOCS3 expression was previously identified to inhibit STAT3 expression induced by IL-6 [88] .
Signaling pathways regulated by SOCS3
Constitutive activation of STAT proteins was observed in many cancer types indicating that abnormal upregulation of Jak/Stat signaling contributes to the malignant phenotype resulting from cell growth and cell survival. Further, cytokines induce SOCS3 expression which in turn prevents activation of STAT proteins by inhibiting JAK activity demonstrating a negative feedback inhibition mechanism. The crosstalk between the Jak/Stat pathway, PI3k/Akt pathway and the Ras/Raf/MEK/ERK pathway was previously reviewed [80] . IL-2 induced telomerase activity through hTERT expression was reported in Adult T cell Leukemia cells where it activates JAK1/2 through IL-2R receptor and leads to dimerization and activation of STAT5. IL-2 was also shown to activate PI3k/Akt/mTOR/ S6k pathway and transcriptionally regulates hTERT expression which is modulated by the presence of HSP90 [89, 90] . In hepatocytes, SOCS3 regulates IL-6 mediated Jak/ Stat3 pathway through gp130 receptor, and in hepatocyte specific SOCS3 knockout mouse model, absence of SOCS3 was shown to enhance activation of STAT3 and ERK1/2 following IL-6 or EGF stimulation which indicates that SOCS3 inhibits EGF receptor mediated IL-6 signaling by inhibiting MEK and ERK kinases [91] . The essence of JAK2 in growth hormone stimulated activation of ERK was also reported, and this activation of ERK is dependent on both Ras and Raf which act upstream in the signaling pathway, these results clearly demonstrate that Jak/Stat signaling crosstalks with Ras/Raf/ERK pathway [92] . Ras signaling was regulated by the interaction of SH2 domains of p120 RasGAP with a tyrosine residue of SOCS3 in its extreme C terminus region. Through mutation studies the authors identified that both JAK1 and JAK2 can phosphorylate the Tyr204 and Tyr221 residues on SOCS3 which were located in the C-terminal conserved SOCS box region, and a phosphopeptide from this region was found to interact with p120 RasGAP protein which was confirmed by microsequencing. These results elucidate that the SH2 binding domains of p120 RasGAP would interact with the phosphorylated Tyr204 and Tyr221 residues of SOCS3 protein. However, only phosphorylation of Tyr221 is essential for SOCS3 interaction with RasGAP and JAK is required for this binding to maintain Ras/Raf/MEK/ERK pathway [82] . Expression of SOCS3 in tumor cells through cellular transfection was found to result in growth suppression by downregulation of STAT3, Bcl-2 and Bcl-xL [37] . Since Bcl-2 and Bcl-xL are important regulators of apoptosis which inhibit downstream caspases, it clearly indicates that expression of SOCS3 could also lead to induction of apoptotic pathway. However a recent report using PC3 cells, knockdown of SOCS3 by siRNA was shown to result in activation of both cell intrinsic or extrinsic apoptotic pathways through activation of caspases 3, 7, 8 & 9 and up regulation of PARP besides inhibiting the anti-apoptotic protein Bcl-2 [93] . The same group also reported that SOCS3 inhibits FGF-2 induced cell proliferation and migration by inhibiting ERK1 and ERK2, independent of STAT1, STAT3 or Akt activation indicating that SOCS3 inhibits cell proliferation independent of Akt or Jak/Stat pathway. A mouse knock-in mutant having a substitution of tyrosine to phenylalanine at 757 residue in gp130 incapacitated its ability to interact with SOCS3 and resulted in hyperactivation of STAT3, and consequently it resulted in the induction of TGF-b and smad7 [94] . These findings demonstrate that Jak/Stat and TGF-b signaling pathways crosstalk and affect downstream transcription. Interestingly, it was also observed that this signaling crosstalk is the causative mechanism for liver fibrosis in mice lacking liver specific expression of SOCS3 [95] . It would be more interesting to extend these studies in gp130 null conditions. The SOCS box region of SOCS3 was identified as the essential region responsible for ubiquitination and degradation cellular proteins such as JAK's including SOCS proteins by interacting with Elongin B and Elongin C, Cul-5, and Rbx1-2 to form a E3 ubiquitin ligase complex. Besidesthe SH2 domain was found to interact with the Tyr397 residue of FAK and inhibit its activity by directing it to the protease degradation pathway through polyubiquitination [96] . Hypermethylation of SOCS3 was found inversely correlated with EGFR in primary glioblastomas which characteristically have elevated levels of EGFR. Also complete knockdown of SOCS3 in glioblastoma cells resulted in activation of EGFR related signaling by increasing STAT3, FAK and MAPK, but was independent of Akt activation [40] . The intracellular signaling pathways which were affected by SOCS3 in regulating cell proliferation, migration, apoptosis and glucose metabolism were shown in Fig. 3 .
Future directions
Since genetic loss of SOCS3 is embryonically lethal, additional studies such as conditional and tissue-specific knockdown of SOCS3 are required which would answer specific questions that would lead to a better understanding of both direct and indirect induction and tissue specific regulation of SOCS3. SOCS3 mediates direct inhibition of JAK. Therefore, JAK-specific inhibitors were developed for clinical use. Ruxolitinib is a specific inhibitor of JAK1/ 2 that was FDA approved in 2011 for the treatment of myelofibrosis. In mouse model with myeloproliferative neoplasm, oral administration of ruxolitinib prevented splenomegaly and decreased the circulating levels of the inflammatory cytokines, TNF-a and IL-6. Two Phases III studies, a double-blind and an open-label trial were conducted in which patients who received ruxolitinib were reported to achieve more than 35 % reduction in spleen volume. Ruxolitinib was shown to inhibit cytokine-induced activation of STAT3 in patients with myelofibrosis and in healthy individuals where maximal inhibition was reported at 2 h after dosing which returned to near baseline in about 10 h. With these promising results of ruxolitinib in inhibiting JAK functions, different JAK inhibitors can be tested in other pathologies where inhibition of JAK would lead to disease prevention or cure. Several cytokines and interferons have been identified as ligands which induce Jak/Stat pathway in different pathological conditions, thus several drug manufacturers have developed inhibitors and monoclonal antibodies for these cytokines and interferons some of which are in different phase trials for the treatment of SOCS3 related diseases. Besides these inhibitors, monoclonal antibodies against specific pathway mediators have been found to be effective and many of which are currently used in the treatment of many human diseases. The gp130 specific antibody ''sgp130Fc'' with a strong potential to block and inhibit IL-6-mediated signaling could be used in clinical trials to test its efficiency in treating the inflammatory bowel diseases, including Crohn's disease. This Jak/Stat signaling pathways is also the primary axis which mediates cellular functions that are vital to the progression of many diseases. Therefore, use of the monoclonal antibody would have parallel functions to that of SOCS3-mediated intracellular signaling.
Post-translational modifications on SOCS3 protein severely affect its cellular functions, in particular sumoylation, ubiquitination and methylation. Also, as we have reported, epigenetic suppression of SOCS3 is mediated through DNMTs-methylation activity on the CpG islands of the SOCS3 promoter region, which could be reversibly inhibited through DNMT specific inhibitors. The JAK inhibitory functions of SOCS3 were attributed to its kinase inhibitory region, therefore development of novel short peptide molecules derived from the functional motifs of the KIR domain could have significant therapeutic benefits. Such peptide molecules can be conjugated with cell penetrating peptides or can be delivered through nanoparticles for effective drug release. Besides, certain microRNAs were also identified to directly or indirectly inhibit or induce SOCS3 expression, and in this direction further studies are warranted for expression of miRNAs using viral vectors or other feasible experimental approaches.
As evident, SOCS3 plays a vital role in many human diseases and biochemical inhibition of SOCS3 targets through use of specific inhibitors and monoclonal antibodies was found to be beneficial for the treatment of SOCS3 associated diseases. Similarly, development and use of SOCS3 inducers could also aid in the treatment of SOCS3 related diseases, and in this direction our laboratory has conducted SOCS3 gene therapy trials using AAV vectors for the treatment of coronary restenosis.
Key issues
1. SOCS3 protein is subjected to post translational modifications, which reduces its cellular levels affecting homeostasis, and since the mechanisms of post translational modifications are also the cellular defense mechanisms, it is always a challenge to maintain the threshold levels of SOCS3. 2. SOCS3 essentially inhibits cellular proliferation affecting more than three different signaling pathways, therefore identification of a specific responsive pathway in a given pathology is critical. Besides, an identified pathway intermediate could also be regulating other pathways which greatly limit the therapeutic strategies in using single molecule inhibitors. To overcome these issues new treatment strategies are implemented, although with limited success, where other drugs that induce or co-inhibit the pathway intermediates are used. 3. The approved JAK inhibitor, ''Ruxolitinib'', like other synthetic drugs has the potential to induce deleterious side effects such as thrombocytopenia, anemia and neutropenia. Although ruxolitinib is used to inhibit JAK, its mechanism of inhibition is not identical to the molecular inhibition mediated by SOCS3. Thus, new drugs have to be developed which would impart similar functions as the biological SOCS3 protein, and in this direction use of small peptides appears promising besides gene therapy. 4. The role of SOCS3 is to maintain cellular homeostasis and normal functioning of the cell. Since SOCS3 is found to be associated with many human diseases more extensive studies are required to decipher its beneficial role in disease prevention and identification of precise and effective targets with therapeutic potential. For this, an elaborate or genome wide studies using microarrays and miRNA analysis is to be carried out which may provide a much broader scope in extending translational research in this direction.
